Prior to isolation of the heart the animals were placed on their backs, partially submerged in a bath of 0.8 % NaCl. A g-in. circle was cut in the plastron over the heart and the bony plug removed under saline to prevent formation of air emboli in the welldeveloped coronary circulation.
The right atrium and the left radix artery were cahnulated with polyethylene tubing (PE 330). All other blood vessels entering or leaving the heart were tied, care being taken not to occlude the coronary circulation.
Venous drainag,e from the liver just dorsal to the heart was occluded by several small ligatures passed through liver parenchyma. The heart, together with a small plaque of liver, could then be freed from the carcass and placed in the perfusion system. Fluid loss from the system was seldom more than 2 %/hr of the initial perfusion volume (50-70 ml). Perfusion System Figure I depicts the perfusion circuit and associated apparatus.
A Lucite cylinder was separated into two chambers by a perforated plate, the lower chamber of which was a reservoir whose height relative to the heart could be set as desired. The upper chamber, designed to produce a large surface for gas exchange, was filled with glass beads. A motor-driven pump recirculated perfusion fluid from the reservoir over the beads while watersaturated gas (On: CO2 (95: 5) or Nz: CO2 (g5:5)) was passed through the interstices. The half-time for equilibration following a step change in gas concentration could be made as short as 4 min. Perfusion fluid from the reservoir was led through silicone-treated glass and rubber tubing by gravity flow directly to the atria1 cannula. Working conditions of the heart were controlled by selecting the desired inflow and fixing the output pressure against which the heart emptied. The latter was varied with a Starling resistance; interposed between the heart and Starling resistance was a low-resistance valve. Arterial pressure was monitored by means of a Statham pressure transducer; heart rate was measured from the arterial pressure record. Minute output of the heart was recorded with an accuracy of ho.5 ml/mm using a Gaddum flowmeter (5). Atria1 pressure was computed from reservoir pressure by subtracting the pressure drop in the reservoir-to-cannula tubing (obtained from the pressure-flow curve and the measured output of the heart). Experiments were carried out at 23-25 C (room temperature).
In some experiments changes in the volume of the Table I compares the composition of the perfusion fluid with the data of Smith. Glucose, when called for in the experimental procedure, was added to the perfusion fluid at an initial concentration of 8.4 mM. Addition of plasma to a Ringer-perfused heart brings about significant mechanical and efficiency changes (7, 8) . At fixed atria1 and output pressures, the addition of small amounts of plasma increases the output concomitantly with a decrease in heart volume and oxygen consumption (Fig. 2) . Consequently, animals were given heparin (2 mg/kg), bled just before cannulation of the heart, and the separated plasma added to the perfusion fluid.
Final for the calculation of qo, by A-V difference, b) direct evidence of adequate oxygenation during aerobic periods, c) a measure of the degree to which true anoxia was approached during anaerobic periods. For this purpose a flow-chamber oxygen cathode (9) in a water bath was so arranged that inflow and outflow were alternately passed through the instrument (Fig. I) beginning and at the end of each experiment. An additional estimate of the perfusion volume was usually made at the midpoint of each experiment from the dilution of added glucose. Leakage from the system was often negligible; whenever leakage was present, however, the apparent rates of glucose uptake and lactate production were corrected to take account of the quantities lost in the leak. Oxygen consumption was computed from arteriovenous oxygen pressure difference and cardiac output (assuming a Bunsen coefficient of oxygen in turtle Ringer's solution of .030 ml 02 STP/ml atm). With the indicated error in estimation of oxygen tension and the small error in minute output, the maximum expected error in the qo, figures is less than I o %.
Heart work rate was computed as pressure-volume work per minute (I 5); in all cases calculated velocity work was negligible.
Pressure was obtained by taking the graphic integral of the pressure-time curve of ejection and dividing by the ejection duration.
RESULTS

E$ects of Anoxia on Physiological Performance
Heart rate. Table 2 shows effects of anoxia on endogenous pacemaker activity of the perfused working heart. In all cases anoxia slowed the heart to a rate about 25 % 5. Steady-state rates of lactate production (pmoles/min heart) as a function of work rate in the isolated anaerobic working turtle heart. Line indicated is least-squares fit to data.
lower than the aerobic rate; the time course of the rate change paralleled the decrease in oxygen tension of the perfusion fluid. Once complete anoxia was achieved, the anoxic rate was well maintained throughout the remainder of the anoxic period, however long. The effect was fully reversible, as indicated in Table 2 . Mechanical performance. Figure 3 compares the size of the heart and the output achieved at a given atria1 pressure in a typical heart operating under aerobic and anoxic conditions. Anoxia is not accompanied by dilatation nor by diminution of work output. Some plasmaRinger's perfused preparations were deprived of oxygen in the presence of glucose as long as 15 hr without becoming hypodynamic.
Oxygen consumptz'on. Table 3 compares the work output and qo, at fixed atrial and arterial pressures before and after an extended period of anoxic work. Neither impairment of workload at specified pressures nor change in oxygen consumption associated with that workload occurs in the turtle heart preparation.
The postanoxic rate of oxygen consumption was not significantly greater than the control rate at comparable workload; there was no indication of an oxygen debt.
Energy Metabolism of Anaerobic Heart Figure 4 summarizes a typical anaerobic experiment in which output pressure and atria1 pressure were set prior to anoxia and were not altered subsequently in the course of the experiment.
When the heart was made anoxic, no decrease in work rate was observed. Lactate production and glucose uptake were zero in the aerobic period, but once complete anoxia had been achieved a constant lactate production and glucose uptake were observed. Results of 38 similar experiments at widely ranging workloads are plotted in Fig. 5 , which shows that lactate production was linearly dependent on work rate. These data derive principally from experiments in which volume work was varied while arterial pressure was maintained in the range of 25-30 cm HZO; despite the desirability of carrying out comparable measurements at higher arterial pressures, the requirement for a leak-proof preparation made reliable data extremely difficult to obtain. Each point represents steady-state rate of lactate accumulation in the medium estimated from at least four samples collected at ao-min intervals. This precaution was exercised to insure that changes in intracellular lactate concentration would not be mistaken for actual changes in rate of production.
The data are plotted in terms of micromoles of lactate per minute per heart; inasmuch as the heart weights used varied from I[ .5-4 g, some of the variability observed must be attributed to energy-utilizing processes not directly associated with the accomplishment of external work, i.e., a basal or resting metabolism component. This is indicated also by the intercept at zero workload. Although the rate of glucose uptake in the experiment depicted in Fig. 4 is almost sufficient to account for the observed rate of lactate production(i.e., 2 moles lactate produced for each mole of glucose utilized), it must be pointed out that glucose uptake is not always stoichiometrically related to lactate production. Factors which determine rate of glucose uptake are discussed in an accompanying paper ( I 6). Figure 6 shows steady-state rates of oxygen consumption as a function of work rate. The rate of approach to the steady state following a step change of workload was extremely rapid, as indicated' by constant arteriovenous oxygen difference within five or six beats. Oxygen con- Figure 7 presents the comparison of aerobic and anaerobic work costs in terms of calculated ATP production rates. Comparison by t test of the least-squares lines computed for these two sets of data indicates no difference at the 0.05 confidence level. Some of the scatter in the data may be attributed to variation in heart weight which would be expected to alter the intercept, though not the slope, of the correlation. As a consequence, not only is the accumulation of free energy as ATP by cells independent of the redox potentials of the energy-conserving reactions, but the time and place of ATP synthesis may be distinct from the moment and region of ATP utilization within a cell. Provided that ATP produced by one energy pathway, i.e., mitochondrial oxidative phosphorylation, cannot be distinguished from that produced by another pathway, i.e., cytoplasmic glycolysis, ATP demand created by the performance of cell work should be the same when measured exclusively by either pathway. The results summarized in Fig. 7 indicate that, at least for turtle heart muscle, contractile ATP demand does
